Background: Semicarbazide (SEM) is an azodicarbonamide byproduct present in a glass jar packaged foods especially baby foods. A relatively high consumption of these products by infants can result in higher exposure compared with other consumers. Objectives: This study was performed to throw light on the effect of SEM on the testis of juvenile male albino rat. Materials and Methods: This study was carried out on 20 juvenile male albino rats divided into the control group, and SEM treated group. Animals of the SEM treated group were administered 40 mg of SEM orally once daily for 30 days. At the end of the experiment, animals were weighed and then sacrificed. The parameters examined were gonadal index, epididymal spermatozoal examination, histological study, immunohistochemical staining for proliferating cell nuclear antigen (PCNA) in addition to ultrastructural study. Morphometric study and statistical analysis of the results were carried out. Results: The gonadal index of SEM treated group showed a significant decrease compared with the control group. Loss of germ cells was confirmed by a significantly low sperm count. SEM induced variable degrees of tubular affection in the form of distorted seminiferous tubules, cellular disorganization, sloughing and cytoplasmic vacuolation. Acidophilic hyaline material, vacuolations, and congested blood vessels were present in most of the interstitial spaces. Immunohistochemically, SEM treatment induced a marked reduction in the number of PCNA immunoreactive cells. An ultrastructural alteration of spermatogenic cells and wide separation in between germ cells were observed. Conclusions: These results suggest that growing animals are more susceptible to gonadal toxicity of SEM. It is better to avoid food products sold in glass jars, especially during the juvenile period.
INTRODUCTION
Semicarbazide (SEM) is a metabolite of the banned veterinary antibiotic nitrofurazone [1] . In addition, SEM is a decomposition product of azodicarbonamide (which belongs to the hydrazine family of chemicals). SEM has in fact been found in food in glass jars sealed with plastic gaskets manufactured using azodicarbonamide as a blowing agent, such as baby foods, fruit juices, jams to prevent leakage and microbiological contamination of the jar contents. Furthermore, azodicarbonamide is used as a flour additive in some countries owing to its dough-improving properties [2, 3] . SEM has also been detected in seaweed-derived products, which are widely used as food additives [4] . The possibility of exposure through various foods independent of nitrofurazone usage has thus raised concerns about the health risk of SEM. So far, the risk of adverse effects of SEM exposure to human beings has been considered low because there is a sufficient margin of exposure [5] . However, intake of SEM for infants is estimated to be much higher than for adults because of high consumption of baby food in glass jars and the infants' small body weight [6] . Accordingly, because infants or children might be more vulnerable to SEM than adults, evaluation of toxic effects of SEM with the focus on age-related susceptibility is important for risk assessment in human health.
Several studies have been carried out to investigate the effect of SEM on different body organs [7] . Previous studies stated that, SEM acts as an osteolathyrogen, inducing osteochondral and vascular lesions in young rats [8] . In addition, teratogenic effects such as induction of cleft palate and aortic aneurysms have been reported [9] .
The testis is considered to be the most important organ in the male reproductive system. It is characterized by two main functions: Synthesis of steroid hormones and production of spermatozoa [10] . Various factors could affect spermatogenesis; among them are chemical agents such as medicines and toxic elements in environmental pollution [11] .
Proliferating cell nuclear antigen (PCNA) is a kind of cyclin protein found in the nuclei of proliferating cells. It is an essential molecule for the initiation of DNA duplication [12] . Comparisons of PCNA-labeling and bromodeoxyuridinelabeling indices have shown that not only does PCNA-labeling produce results similar to those of bromodeoxyuridine-labeling, but it is a faster and easier method to use for the detection of cell proliferation [13] .
In the light of the background information, this study was designed to investigate testicular toxic changes induced by SEM during the juvenile period.
Materials and Methods

Animals
Twenty juvenile Sprague-Dawley male albino rats aged 7 weeks old and weighing 60-70 g were used in this study. All animals were kept in clean, properly ventilated cages under similar environmental conditions and fed the same laboratory diet. The animals were divided equally into two groups: Group I (control) and Group II (SEM treated). Animals of the control group were held without any treatment throughout the entire experiment, whereas animals of the SEM-treated group were administered SEM (Aldrich Chemical Company Inc.) orally by a gastric tube once daily at a dose of 40 mg/kg body weight [6] for 30 days. The research was approved by the biomedical Ethics Research Committee at the Faculty of Medicine, Menoufiya University.
At the end of the experiment, the rats were weighed and sacrificed under ether anesthesia 24 h after the last SEM dose. The epididymal content of each rat was obtained immediately by cutting the tail of the epididymis and squeezing it gently to obtain fresh undiluted semen in a clean Petri dish to proceed for epididymal spermatozoal examination. The testes were gently dissected free from the scrotum and weighed. a) The right testis was used for light microscopic examination.
It was fixed in Bouin's solution (aqueous saturated solution of picric acid 75%, formalin 25%, and glacial acetic acid 5%) for 72 hours, dehydrated in graded alcohol, cleared in two jars of xylene, and embedded in paraffin wax. Sections of 4 μm thickness were stained with hematoxylin and eosin (H and E). Immunohistochemical staining using PCNA was also performed. b) The left testis was used for electron microscopic examination by fixing testicular specimens (0.5 mm3) in 2.5% glutaraldehyde for 2 h and then postfixing in 1% osmium tetroxide in phosphate buffered saline (PBS) for another hour at 4°C.
Methods
The gonadal index was determined by the following formula: Gonadal index = (Gonad weight/total body weight) × 100 where gonad weight = (weight of the right testis + weight of the left testis)/2 [14] .
Epididymal Spermatozoal Examination
Sperm count: Sperm cell concentration was estimated according to the method reported by [15] . The content was diluted with 100 μl eosin aqueous solution (1%) using the pipette of the hemocytometer. The diluted stained content was drawn up to the 0.5 mark on the pipette, which was then filled up to the 101 mark with 1% eosin aqueous and well mixed. The eosin killed the sperms so that their counting could be accomplished (no motility), and also stained the sperm heads to be easily counted. A cover slide was placed over the counting chamber, and a drop of diluted semen was spread between the hemocytometer chamber and its cover. Sperms in five large squares (80 small squares) were counted and the sperm cell concentration was estimated using the following equation: Sperm concentration/epididymis = N/80 × 400 × 200 × 100 × 10 where N is the counted sperm; 80 is the number of small squares in five large squares; 400 is the total number of small squares in chamber; 10 is the depth of the hemocytometer chamber; 200 is the dilution factor on the pipette; 100 is the dilution factor epididymal content. Sperm viability: A drop of epididymal content of each rat was mixed with an equal drop of eosin-nigrosin stain. The semen was carefully mixed with the stain, and the films were spread on clean and grease-free slides. 200 sperms were counted per rat under a high power lens of a light microscope, and the number of live (unstained), and dead (stained) sperms was estimated from among the 200 sperms. Then, the percentage of viability was calculated [16] .
Light Microscopic Examination
Testes were subjected to the following: 1. Examination of H and E stained sections 2. Testicular distributions of PCNA were examined in deparaffinized sections (5 mm) of Bouin-fixed testes of rats using an avidin-biotin-peroxidase complex immunohistochemical method (Elite-ABC; Vector Laboratories, California, USA) against PCNA (dilution 1:100; Dako Japan Co., Ltd, Tokyo, Japan) [17] . Briefly, sections were deparaffinized, rehydrated, washed in PBS (3-5 min), and peroxidase activity was quenched using 0.3% H2O2 in methanol for 30 min. Subsequently, samples were washed in PBS and incubated with blocking solution at room temperature for 10 min. After rinsing with PBS, sections were incubated with the primary antibody in a moist chamber for 30-60 min and then rinsed with PBS. Samples were incubated with streptavidin-peroxidase at room temperature for 10 min and washed with PBS. The antibody-peroxidase complex was developed using diaminobenzidine chromogen at 18-24 C for 2-5 min. Finally, the sections were washed with PBS, counterstained with Mayer's hematoxylin, dehydrated, and mounted with DPX (BDH Ltd, Poole, UK). For negative controls, the primary antibody was excluded or replaced by the isotype-matched mouse IgG2a (BD Biosciences). Positive staining was defined microscopically by visual identification of brown color. Slides were examined under the light microscope with a magnification of 400, and thin sections were evaluated for nuclear PCNA immunostaining. Sections were viewed using an Olympus microscope and images were captured by a digital camera (Canon PowerShot A620, England, UK).
Electron Microscopic Examination
After fixation, the samples were then processed and embedded in araldite CY212. Semithin sections (1 μm) of tissues were cut with an LKB ultramicrotome, stained with toluidine blue, and examined with a light microscope. Ultrathin sections (70-90 nm) were prepared and stained with uranyl acetate and lead citrate. Stained grids were then examined on a Joel CX 100 TEM operated at 60 kV [18] .
Statistical Analysis
Statistical analysis was carried out on all parameters. The data obtained were expressed as mean values ± standard deviation and analyzed using an unpaired Student's t-test. Differences were considered to be significant at P < 0.05 against the control group.
RESULTS
The Gonadal Index
Oral administration of SEM to albino rats for 30 days resulted in a significant decrease (P < 0.05) in the gonadal index of SEM treated group when compared with the control group [ Table 1 ].
Epididymal Spermatozoal Examination
Results showed a statistically significant decrease (P < 0.05) in the mean sperm count, viability, and motility when compared with the control group [ Table 1 ].
Light Microscopic Examination
Group I (control group)
In H and E stained sections, the testes were mostly formed of closely packed seminiferous tubules containing sperms and were separated by little interstitium. These tubules appeared to be uniform in size and shape [ Figure 1 ]. Most of them had narrow lumens and were lined by stratified germinal epithelium. The stratified germinal epithelium was formed of spermatogonia that appeared as small rounded cells with rounded or oval coarse chromatin nuclei and rested on a thin regular basement membrane, primary spermatocytes with rounded nuclei that were larger in size than the spermatogonia and spermatids which occupied almost half the diameter of the tubules. Sertoli cells with large pale oval or triangular nuclei were observed in between the germ cells. The limited interstitial spaces were filled with groups of interstitial leydig cells with vacuolated cytoplasm [ Figure 2 ].
Immunostained testicular sections with PCNA showed many positive reactions for PCNA in the nuclei of spermatogonia along the basement membrane of seminiferous tubules and spermatocytes [ Figure 3 ].
Electron Microscopic Examination
Ultrastructurally, the seminiferous tubules were surrounded by regular basement membranes ensheathed by myoid cells. They were lined by spermatogenic and Sertoli cells. Spermatogonia appeared with coarse clumps of peripheral heterochromatin in their oval nuclei and had a few mitochondria. Primary spermatocytes were distinguished by their large rounded nuclei. Spermatocytes showed thin rim of cytoplasm containing mitochondria that appeared small and peripheral. Sertoli cells with pale oval indented euchromatic nuclei, prominent nucleoli; dense bodies, mitochondria were observed [ Figure 4 ]. Spermatids appeared with large rounded euchromatic nuclei. Their cytoplasm appeared granular and showed peripherally located vesicular mitochondria [ Figure 5 ]. Interstitial Leydig cells were observed. These cells were relatively large in size with slightly elongated indented nuclei with a rim of peripheral heterochromatin. Their cytoplasm showed multiple processes, cisternae of smooth endoplasmic reticulum and lipid droplets [ Figure 6 ]. Transverse sections in different parts of the sperms revealed mid and principal pieces with a central axoneme formed of doublets of microtubules with two central singlets.
In the mid pieces, this axoneme was surrounded by dense bundles of the fibrous sheath and mitochondrial sheath. In the principal pieces, the axoneme was surrounded by a fibrous sheath only [ Figure 7 ].
Light Microscopic Examination
Group II (SEM treated group)
Light microscope examination of sections of the testes of SEM treated group showed that testicular parenchyma was formed of many distorted seminiferous tubules with irregular outlines Immunostained testicular sections with PCNA showed marked reduction in the number of PCNA immunoreactive spermatogonia and spermatocytes [ Figure 11 ].
Electron Microscopic Examination
Ultrastructural examination revealed destructed spermatogonia and Sertoli cells that showed condensed nuclei, many cytoplasmic vacuoles and rested on folded basement membrane [ Figure 12 ]. Some spermatocytes had relatively shrunken nuclei, electron-dense bodies and vacuoles that were variable in size and electron density [ Figure 13 ]. Wide separations in-between the germ cells were observed [ Figures 12 and 13] . Primary spermatocytes showed variable sized electron dense vacuoles with intercellular separations. Some cells showed shrunken nuclei [ Figure 13 ]. Some spermatids appeared El-Sherif and El-Mehi: Semicarbazide and juvenile testis devoid of nuclei [ Figure 14 ]. Spermatogenic cell with irregular heterochromatic nuclei forming multinucleated giant cell were detected [ Figure 15 ]. Mid pieces of sperms showed markedly affected disarranged axoneme, fibrous and mitochondrial sheaths [ Figure 16 ]. The ultrastructural adverse effects of SEM on Leydig cell population were insignificant.
Morphometric Results
The proliferative activity of cells assessed by PCNA immunostaining PCNA immunoreactivity showed a significant decrease in SEM treated group compared with the Control group [ Table 1 ].
DISCUSSION
The recent discovery of the widespread use of SEM in global food industries and baby food as a result of packaging contamination has focused attention on the toxicity of this substance [19] .
The results of this study showed a significant reduction in testis parameters such as gonadal weight, sperm count, viability, and motility. This was accompanied by alternations in the histological structure and DNA damage. Most of the previous studies attributed the decrease in testicular parameters mainly to loss of germ cells [20] . The results of the present work confirmed this explanation.
Previous studies reported that, once the spermatogenesis process was exposed to considerable degeneration, the cytoplasmic extrusion mechanisms do not act under normal conditions and the released spermatozoa from the germinal epithelium carries surplus residual cytoplasm and is considered as immature and functionally defective spermatozoa. Increase in immature and abnormal spermatozoa content in the seminiferous tubules and semen leads to the pathological elevation of ROS [21, 22] . The results of the current study supported this theory as administration of SEM resulted in a statistically significant decrease in the mean values of sperm count, viability, and motility when compared with the control groups. Similar effects were reported in rats treated with Atrazine (ATZ). Hayes et al. [23] reported that ATZ exerts its organ toxicity by generation of free radicals and reactive oxygen species (ROS). The link between ROS and reduced motility can be explained by two hypotheses: First, waves of events that resulted in an intensive decrease in axonemal protein phosphorylation and sperm immobilization; second, free radicals such as H 2 O 2 can diffuse across the membranes into cells and inhibit the activity of enzymes such as G6PDH [24] . Also, ROS are able to damage almost all molecular species in spermatozoa, including lipids, proteins, and nucleic acids [25, 26] .
Light microscope examination of sections of the testes of SEM treated group showed that testicular parenchyma was formed of many distorted seminiferous tubules with irregular outlines and disorganized epithelium. The disorganized epithelium showed vacuolations and sloughing. Acidophilic hyaline material and vacuolations were present in most of the interstitial spaces. Congested blood vessels were also observed.
The administration of SEM to juvenile rats exerted adverse effects by altering the normal testicular architecture and normal successive stages of the spermatogenesis [20] . Similar effects were reported in rats treated with phthalates [27] . However, Maranghi et al. [6] observed only subtle adverse effects of SEM in testis of juvenile Sprague-Dawley rats by altering the percentage of testicular tissue programmed for spermatogenesis without affecting spermatogenesis itself. At high concentrations in vitro, SEM may be weakly mutagenic as a result of the production of ROS, which are involved in a variety of pathophysiological conditions of testes [28, 29] . Superoxide dismutase and glutathione peroxidase are major enzymes that scavenge harmful ROS in male reproductive organs [30] . SEM is a potent enzyme inhibitor, and the toxic effects in the reproductive system may result from inhibition of activities of those ROS-scavenging enzymes. The present results showed that SEM induce important changes during the juvenile period in rat testicular morphology which probably may affect reproductive functions. This can be considered relevant for food safety in particular for children who represent a group of major exposure and susceptibility to SEM.
In the current work, degenerated germ cells had desquamated into the lumen of the seminiferous tubules. It was reported El-Sherif and El-Mehi: Semicarbazide and juvenile testis that spermatogenesis is highly influenced by external stimuli, such as drugs, radiation, reproductive and somatic pathologies, temperature, and environmental pollutants including SEM, which increase the constitutive levels of apoptosis in germ cells [31] . Several studies have suggested that increased germ cell apoptosis during spermatogenesis might explain decreased sperm production in patients with oligospermia and azoospermia [32] . A toxicant-induced insult to the Sertoli cell will cause the secretion of proteins by Sertoli cells that subsequently initiate the apoptosis signaling cascade in germ cells. However, a direct insult to the germ cell will bypass the Sertoli cell signaling pathway and directly trigger apoptosis in the germ cell [33] . Moreover, the exfoliated germ cells found in our research were suggested to be because of a primary effect on the cell-to-cell junctions between Sertoli and germ cells [34] . Sloughing of germ cells was attributed by others to the organization of germ cells that are held in place by a close association between their membranes and specialized junctions of cell membranes of Sertoli cells. Therefore, early signs of cellular degeneration of germ cells might lead to disturbance of the structure of their membranes, inducing their shedding into the lumens of the tubules [35] . The germ cells exfoliate into the lumen causing increased amounts of luminal cellular debris, blocking the efferent ducts and subsequently impairing seminiferous tubule fluid passage from the testis to the epididymis [36] .
The presence of vacuoles in germ cells in the present work was probably a result of metabolic disturbance in these cells and a subsequent change in their morphology. Other vacuoles are probably caused by a desquamation of the spermatogenic cells that lost their specific biochemical and morphological microenvironment in the germinal epithelium (i.e. nourishment from Sertoli cells). They could not develop into sperm, and consequently degenerated and died. Also, the affected Sertoli cells induced changes or decreases in seminiferous tubule fluid secretion, which further resulted in apical sloughing or shedding and germ cell death. These results were in agreement with those of others [37] . However, some investigators have attributed the interstitial vacuolation to increased activity of Leydig cells and so increased steroid content [38] .
In this study, examination of the same group showed that acidophilic hyaline material was present in most of the interstitial spaces. The acidophilic hyaline material could be attributed to excess lymphatic exudates oozing from degenerative lymphatic vessels [39] or to an increase in vascular permeability [40] .
In our study, another fundamental finding in the form of congested blood vessels was observed in the interstitium. SEM exposure led to tissue ischemia followed by the reperfusion state in which the interstitial spaces were infiltrated by different cells such as leukocytes and macrophages. Cytokines secreted from macrophages were localized in peritubular zones causing congested blood vessels [41] .
In the current study, immunohistochemistry was used to map the distribution of the PCNA immunoreactivity in the testes of both groups. Many positive nuclear reactions were detected in spermatogonia and proliferating spermatocytes of control testes. It has been reported previously that PCNA is differentially expressed during the cell cycle. Therefore, PCNA is considered a useful molecular marker for the assessment of germ cell kinetics. Furthermore, its staining intensity was used to evaluate the proliferation of cells and the spermatogenic function of testes in case of male infertility. Two major advantages of using PCNA as a marker for cells involved in DNA synthesis have been reported. First, immunocytochemical staining for PCNA does not require the use of fresh or frozen tissues, thereby enabling retrospective studies of paraffin-embedded tissues. Second, this staining procedure does not require the use of radioactive isotopes [42] . Although immunocytochemical detection specifically localized PCNA to spermatogonia and to particular stages of spermatocytes, the work of previous investigators has shown that immunoblot analysis indicated the presence of the PCNA protein in both the somatic and the germ cell compartments of the testis. This difference may be attributed to the presence of two distinct forms of PCNA: Organic solvent sensitive and insensitive. Both the sensitive and the insensitive forms are detected by western analysis, whereas only the insensitive form is detected by immunocytochemistry [43] . Immunohistochemical examination of the SEM treated group showed a marked reduction in the number of PCNA immunoreactive spermatogonia and spermatocytes. Less PCNA expression in the testicular epithelium was related to El-Sherif and El-Mehi: Semicarbazide and juvenile testis decreasing of DNA synthesis in the damaged testes [12] . Other authors have added that DNA synthesis assessed by PCNA is very useful in the pathological diagnosis of infertility, especially for the differentiation of the hypospermatogenesis from partial germinal arrest [44] .
Ultrastructurally, many wide intercellular spaces were observed between the germinal cells lining the seminiferous tubules. Previous investigators [45] observed loosening of cell-cell contacts and attributed these separations to shrinkage of both germ and Sertoli cells. Loss of cell cohesiveness might be due to destruction of the cellular process of sertoli cells that fill the space between germ cells. Sertoli cell processes were connected by a junction complex forming a blood testes barrier. Interactions between Sertoli cells, peritubular myoid cells, Leydig cells, and germ cells are thought to be essential for spermatogenesis. Each of these interactions must be communicated through the extracellular matrix of the basement membrane. Moreover, sertoli cells serve as supporting cells that form a junction between germ cells and the circulatory system in the exchange of metabolites and waste products [46] . Examination of the SEM treated group showed that almost all transverse sections in the mid pieces of sperms showed markedly affected disarranged axoneme, fibrous, and mitochondrial sheaths. It was reported that the ROS might cause lipid peroxidation of sperm cell membranes, hence damaging the midpiece, axonemal structure, or disrupting the capacitation and acrosomal reaction [47] .
Leydig cells could persist histologically normal. Previous studies stated that Leydig cells represent a pronounced morphological heterogeneity not only between different species but also within the same individual [48] [49] [50] .
